Sedimentation equilibrium studies show that the Escherichia coli cyclic AMP receptor protein (CAP) and RNA polymerase holoenzyme associate to form a 2:2 complex in vitro. No complexes of lower stoichiometry (1:1, 2:1, 1:2) were detected over a wide range of CAP and RNAP concentrations, suggesting that the interaction is highly cooperative. The absence of higher stoichiometry complexes, even in the limit of high [protein], suggests that the 2:2 species represents binding saturation for this system. The 2:2 pattern of complex formation is robust. A lower-limit estimate of the formation constant in our standard buffer (40 mM Tris (pH 7.9), 10 mM MgCl 2 , 0.1 mM DTT, 5% glycerol, 100 mM KCl) is 2 × 10 20 M -3
Introduction
The Escherichia coli cyclic AMP receptor protein (CAP 1 ) regulates the transcriptional activity of at least 100 promoters (reviewed in (1-3) ). Under conditions of high intracellular There is ample precedent for this notion in evidence for regulatory models in which CAP simultaneously binds two other transcription factors (10), two additional molecules of CAP holoenzyme exists as an equilibrium mixture of monomers and dimers at low salt ([KCl] ≤ 300 mM) while at higher [salt] the monomer form prevails ((26,27) ; this study). In contrast, the core enzyme associates to form complexes at least as large as tetramer, although the exact mechanism of core enzyme self-association remains controversial (27, 28) . While the biological role of RNA polymerase self-association is unknown, the observations that the holoenzyme binds to the lacUV5 promoter as a monomer and to the tyrT promoter as a dimer have prompted the suggestion that dimerization might influence the distribution of polymerase between available promoters (29). In addition, it is possible that dimerization controls the availability of the holoenzyme form of RNA polymerase, because dimers form preferentially when the σ-subunit is present (see above). Since CAP interacts with the RNA polymerase holoenzyme, it seems plausible that it might modulate the self-association and functions of RNA polymerase that take place when it is not DNA-bound. The data presented below represent a first test of this notion.
Materials and methods
Proteins. E. coli RNA polymerase holoenzyme was the kind gift of Dr. T. Heyduk. The holoenzyme was prepared by incubating core enzyme (30) with a 2-fold molar excess of σ 70 (31) and purifying the reconstituted holoenzyme by MonoQ chromatography (32). By SDS-PAGE and sedimentation equilibrium criteria, these holoenzyme preparations were fully saturated with σ 70 (results not shown). The E. coli cyclic AMP receptor protein was isolated from strain pp47
containing plasmid pHA5 (kindly provided by Dr. H. Aiba). The purification followed the protocol of Fried (33) and gave protein of greater than 95% purity as judged by sodium speed. The approach to equilibrium was considered to be complete when replicate scans separated by ≥8 h were indistinguishable.
At sedimentation equilibrium, the absorbance at a specified wavelength and position in the solution column is given by equation 1.
Here A(r) is the absorbance at radial position r, the summation is over all species, n; α n0 is the absorbance of the nth species at the reference position r 0 , σ n = M n (1 − v n ρ)ω 2 / 2 R T with M n the molecular weight of the nth species, v n its partial specific volume (0.737 for CAP (36), 0.742 for RNAP (27,37)), ρ the solution density, ω the rotor angular velocity, R the gas constant and T the absolute temperature. Buffer densities were measured with a Mettler density meter.
The baseline offset term ζ compensates for slight position-independent differences in the optical properties of different cell assemblies.
For a system in which monomers (M) are in equilibrium with dimers (D), Eq. 1 becomes
Here is the "best" estimate, by the least-squares criterion. 
Results
The salt-dependent monomer-dimer equilibrium of RNA polymerase holoenzyme. Both holoenzyme and core RNA polymerases are known to undergo [salt]-dependent self-association reactions (26-28,41,42). Thus, a characterization of the assembly states of our samples of RNA polymerase is a prerequisite to the studies of CAP-polymerase interaction described below.
Representative sedimentation profiles for the RNA polymerase holoenzyme, at 4°C, are shown in Fig. 1 . Curve A is a profile obtained at 300 mM KCl; the solid line through the data is a global least squares fit of the expression for a single species (Eq. 1 with σ n corresponding to RNA polymerase monomer) to 9 data sets (3 concentrations, 3 rotor speeds). The small, symmetrically distributed curve-fitting residuals demonstrate the compatibility of the singlespecies model with the data. The value of M r (± 67% confidence interval) returned by this analysis was 454,000 ± 6,000 in good agreement with the value of the monomer molecular weight (4.55 × 10 5 ) predicted on the basis of the subunit composition (α 2 ββ'σ) of the holoenzyme (18, 27) . This molecular weight and the small confidence interval demonstrate that the enzyme is σ-saturated. In addition, these values are incompatible with significant selfassociation or degradation in our samples under these experimental conditions.
Curve B is a profile obtained at 100 mM KCl; the solid line through the data is a global least squares fit of the expression for a monomer-dimer equilibrium (Eq. 2) to 9 data sets as described above. The molecular weight of the monomer was set at 454,000; this analysis CAP and RNAP interact in the absence of DNA. Solutions in which CAP and RNA polymerase were combined contained an additional species with a weight-average molecular weight (~1.1 × 10 6 ) significantly greater than that observed for the RNA polymerase dimer, in the experiments described above (908,000 ± 12,000). Shown in Fig. 3 are sedimentation equilibrium profiles acquired from mixtures containing RNA polymerase in slight molar excess (curve A) and CAP in slight molar excess (curve B). The data were fit by sedimentation models with 2-species (Eq. 1 with two terms). When RNA polymerase was in excess (curve A), the model used contained terms for polymerase monomer (M r set at 454,000) plus an additional species (for which M r was a parameter of the fit). The molecular weight returned by this analysis was 1,090,000 ± 43,000, consistent with the presence of two equivalents of RNA polymerase monomer in the assembly. The small, uniformly-distributed residuals (upper panel) attest to the compatibility of this model to the data. The 3-species model with terms for free CAP, RNA polymerase monomer and a complex, fit the data as well as the 2-species (polymerase + complex) model, but returned values for the concentration of free CAP that were within error equal to zero (result not shown) 4 . Other models tested, including that corresponding to the RNA polymerase monomer-dimer equilibrium, RNA polymerase dimer plus a complex, and one including terms for free CAP plus a polymerase complex fit the data less well, as judged by significantly larger χ 2 values and evidence of systematic dependence of residuals on radial position (results not shown).
In contrast, when CAP was in slight molar excess over RNA polymerase ( Fig. 3 curve B), the model most consistent with the data was one that included a term for free CAP and one for an additional species. The molecular weight of the additional component obtained by model fitting to this data set was 1,020,000 ± 57,400, suggesting the presence of two equivalents of RNA polymerase monomer in the assembly. As before, the small, symmetrical residuals demonstrate the compatibility of this model with the data. In this case, three species models, with terms for . With several caveats (discussed below), this formation constant is compatible with previous in vitro estimates of the apparent association constant for CAP with RNA polymerase holoenzyme, in the absence of DNA.
To ensure that the 2:2 pattern of interaction described above was not an artifact of our None-the-less, these results open to future investigation the intriguing possibility that CAP might regulate functions of the RNA polymerase holoenzyme that take place prior to promoter binding. Experimental Procedures. The value of M r returned by this analysis was 454,000 ± 6,000.
Sample B was centrifuged at 7,000 rpm. The smooth curve is the global fit of the monomerdimer model (Eq. 2), with monomer molecular weight set at 454,000 as described in
Experimental Procedures. In both cases the curve-fitting residuals (upper panels) are small and lack obvious systematic dependence on radial position, demonstrating that the corresponding models are consistent with the mass distributions present in these samples. M CAP and 4.5 × 10 -7 M RNA polymerase; the data were fit by the 2-species model that includes RNA polymerase monomer plus a CAP-polymerase complex. The molecular weight returned for the complex was 1,100,000 ± 37,000. 
